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AFMWe report the synthesis and structural studies of copper sulfide nanocrystals from copper(II) dithiocar-
bamate single molecule precursors. The optical studies of the as-prepared copper sulfide nanoparticles
were carried out using UV–Visible and photoluminescence spectroscopy. The absorption spectra show
absorption band edges at 287 nm and exhibit considerable blue shift that could be ascribed to the quan-
tum confinement effects as a result of the small crystallite sizes of the nanoparticles and the photolumi-
nescence spectra show emission curves that are red shifted with respect to the absorption band edges.
The structural studies were carried out using powder X-ray diffraction, transmission electron microscopy,
scanning electron microscopy, energy dispersive X-ray spectroscopy and atomic force microscopy. The
XRD patterns revealed the formation of hexagonal structure of covellite CuS with estimated crystallite
sizes of 17.3–18.6 nm. The TEM images showed particles with almost spherical or rod shapes with aver-
age crystallite sizes of 3–9.8 nm. SEM images showed morphology with ball-like microsphere on the sur-
faces and EDS spectra confirmed the presence of CuS nanoparticles.
 2016 The Authors. Published by Elsevier B.V. This is an open access articleunder the CCBY license (http://
creativecommons.org/licenses/by/4.0/).Introduction
Metal sulfide nanomaterials have attracted attention in the last
few years owing to the novel optical and electronic novel proper-
ties as a result of the size of the materials in the nanometer regime
[1–6]. The significant difference in the properties of nanoparticles
in comparison to those of bulk materials is attributable to quantum
size effects and this make them attractive for applications in light
emitting diodes [7], solar cells [8], fuel cells [9], drug delivery
[10,11] and as catalysts for industrial transformations [12–16].
Most studies on semiconductor metal sulfide nanoparticles are
based on group 12 chalcogenides especially ZnS [17,18] and CdS
[19,20] nanoparticles but their toxicity limits any possible applica-
tions. As a result of this limitation, copper sulfide nanocrystals are
an attractive alternative and have received interest in recent years
for different applications [21–27]. CuS nanoparticle is also attrac-
tive because it exists in different stoichiometric composition with
varying crystalline phases [28–31].
Several methods have been used to synthesize metal sulfide
nanoparticles and these include solvothermal synthesis [32],
microwave [33], ultrasonic irradiation [34] and thermolysis ofsingle-source precursors in high boiling point solvents that act as
surface passivating agents [35–38]. For the synthesis of Cus
nanocrystals, different synthetic techniques have also been used
[39–42], to produce nanoparticles with varying morphologies such
as nanotubes [43], nanowires [44], nanoplatelets [45] among
others [46,47]. Among nanocrystal synthetic methods, single-
source precursors produce nanocrystals with reasonable monodis-
persity [48] and studies have shown that the morphology of the
resulting nanoparticles depends on the precursor concentration
[49], reaction time [50] and temperature [51]. As a result of
nanocrystals’ unique size-dependent physical and chemical prop-
erties [52,53], the synthesis of monodisperse nanocrystals con-
tinue to attract much research attention [54]. In this paper, we
report the use of three copper(II) dithiocarbamate complexes as
an efficient single source precursors for the preparation of hexade-
cylamine (HDA) capped copper sulfide nanoparticles. HDA was
used as capping agent to stabilize the surfaces of the nanoparticles
and prevent agglomerations. The optical and structural properties
of the nanoparticles were studied using UV–Vis, PL, X-ray diffrac-
tion (XRD), transmission electron microscopy (TEM), scanning
electron microscopy (SEM), energy dispersive X-ray spectroscopy
(EDS) and atomic force microscopy (AFM).
Fig. 1. Absorption spectra of CuS1, CuS2 and CuS3 nanoparticles.
Fig. 2. Emission spectra of CuS1, CuS2 and CuS3 nanoparticles.
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Materials and physical measurements
All chemicals and reagents were used as received without fur-
ther purification. Hexadecylamine (HDA), trioctylphosphine(TOP), toluene and methanol are analytical grade reagents used
as obtained from Sigma–Aldrich. The ligands, sodium salt of N-
phenyldithiocarbamate, N-ethylphenyldithiocarbamate and mor-
pholinedithiocarbamate were prepared using literature procedures
[55,56]. Powder X-ray diffraction patterns were obtained from Bru-
ker D8 Advance equipped with a proportional counter using Cu Ka
radiation (k = 1.5405 A, nickel filter). TEM images were obtained
from a ZEISS Libra 120 electron microscope. TGA was recorded
on an SDTQ 600 thermogravimetric instrument. The infrared spec-
tra were obtained from a Perkin Elmer Paragon 2000 FTIR spec-
trophotometry using the KBr disk method and UV–Vis spectra
were recorded on a Perkin-Elmer Lambda 25 UV–Vis spectropho-
tometer and the photoluminescence study was recorded with
Perkin-ELMER LS 45 Fluorimeter. Scanning electron microscope
(SEM) was done using JEOL JSM-6390 LVSEM at a rating voltage
of 15–20 kV at different magnifications as indicated on the SEM
images. Energy dispersive spectra were processed using energy
dispersive X-ray spectroscopy (EDS) attached to a Jeol, JSM-6390
LV SEMwith Noran System Six software. AFMwas carried out using
Digital instruments Nanoscope, Veeco, MMAFMLN-AM
(Multimode).
Synthesis of copper(II) dithiocarbamate complexes
In a typical synthesis, a solution of CuCl2 (0.625 mmol) was
dissolved in 25 mL of water or methanol and added to
1.250 mmol of sodium salt of N-phenyldithiocarbamate. Greenish
Fig. 3. Power XRD patterns of CuS1 (A), CuS2 (B) and CuS3 (C) nanoparticles.
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was stirred for 1 h at room temperature. The products were fil-
tered and washed several times with water and methanol. The
resulting copper(II)-N-phenyl dithiocarbamate complex, [Cu
(phendtc)2] was dried at room temperature. Similar procedure
was used for the synthesis of copper(II) complexes of N-N-
ethylphenyldithiocarbamate, [Cu(ephendtc)2] and morpho-
linedithiocarbamate [Cu(morpdtc)2].
[Cu(phendtc)2]: Selected IR, (cm1): v(N–H) 3451, v(C–N) 1450,
v(C–S) 1109, v(M–S) 328.
[Cu(ephendtc)2]: Selected IR, (cm1): v(N–H) 3417, v(C–N)
1472, v(C–S) 1067, v(M–S) 329.
[Cu(morpdtc)2]: Selected IR, (cm1): v(N–H) 3416, v(C–N)
1484, v(C–S) 1016, v(M–S) 327.Synthesis of HDA capped CuS nanoparticles
The metal sulfide nanoparticles were prepared by dissolving
0.20 g of each metal complex in 4 mL of trioctylphosphine
(TOP) and injected into 3 g of hot hexadecylamine (HDA) at
180 C. An initial decrease of about 20–30 C in temperature
was observed. The solution was stabilized at 180 C and the
reaction continued for 1 h. After completion, the reaction mix-
ture was allowed to cool to 70 C and methanol was added to
precipitate the nanoparticles. The solid was separated by cen-
trifugation and washed three times with methanol. The resulting
solid precipitates of HDA-capped copper sulfide nanoparticles
were dispersed in toluene for further analysis. Synthesized CuS
nanoparticles from copper(II) N-phenyl dithiocarbamate complex
is labeled CuS1; from copper(II) N,N-ethyl phenyl dithiocarba-
Fig. 4. TEM images of CuS1 (A), CuS2 (B) and CuS3 (C) nanoparticles.
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dithiocarbamate complex is labeled CuS3.Results and discussion
Optical properties of the CuS nanoparticles
UV–Vis spectrophotometry was used to study the absorption
properties of the as-prepared nanoparticles. Fig. 1 shows the
absorption spectra of the CuS nanoparticles and reveals that
the absorption band edges of CuS1 and CuS2 are almost similar
and appear at about 287 nm. The absorption spectrum of CuS3
differs slightly from the other two with absorption band edge
at about 286 nm. The absorption spectra showed considerable
blue shift which could be ascribed to quantum size effect ofthe nanoparticles due to their smaller crystallite sizes [57,58].
The optical properties of semiconductor nanoparticles are
strongly influenced by their crystallite sizes and shapes [59,60].
The calculated band gap energies for CuS1 and CuS2 are
4.33 eV. This value is greater than that of the bulk CuS which
is 1.2 eV [39]. CuS3 with absorption maxima at 286 nm with cal-
culated band gap energy of 4.3 eV is also blue shifted and quan-
tum confined. Fig. 2 shows the photoluminescence spectra of the
as-prepared CuS nanoparticles obtained at room temperature.
The spectra are red-shifted intense but narrow peak at 620 nm.
The observed red-shift could be attributed to the trap related
electron-hole recombination [51,52]. The spectra show that
nanoparticles obtained from different precursors have the same
emission maxima but differs in their intensity and peak widths.
CuS2 prepared from [Cu(ephendtc)2] shows a narrow and sharp
Fig. 5. SEM images of CuS1, CuS2 and CuS3 nanoparticles.
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ter electronic passivation of the CuS2 nanoparticles by the cap-
ping agents. The reduced broadness of the emission curves can
be attributed to their narrow size distributions. Although the
absorption spectrum of CuS3 is different from those of CuS1
and CuS2, the emission spectra of the three nanoparticles are
similar differing only in their intensities.Powder X-ray diffraction analysis of the CuS nanoparticles
X-ray diffraction (XRD) patterns for the nanocrystals prepared
using different precursors are shown in Fig. 3. The diffraction pat-
terns showed four broad peaks that could be indexed to the hexag-onal covellite crystalline phase of CuS with characteristic (101),
(102), (103) and (006) and in good agreement with the standard
data for CuS (JCPDS Card No. 06-0464) [61,62]. The average crystal-
lite size of the nanoparticles as estimated using the Scherrer equa-
tion [63] are 18.09 nm for CuS1, 17.3 nm for CuS2 and 18.6 nm for
CuS3 respectively.Morphology of the CuS nanocrystals
The morphology and microstructure of the as-prepared CuS
nanocrystals were studied with TEM, SEM, EDS and AFM analyses.
Fig. 4 shows TEM images of the HDA-capped copper sulfide
nanoparticles that vary in shapes from rod-like in CuS1 to almost
Fig. 6. AFM of CuS1 nanoparticles and 3D topographical images.
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image of CuS1 shows copper sulfide nanoparticles with average
crystal size in the range 5.10–9.80 nm and its shapes appeared to
be a mixture of rod like and some cubic shaped nanoparticles.
The TEM image of CuS2 (Fig. 4) showed nanoparticles that are
small spherically shaped particles which are uniformly distributed
with average crystallite size in the range 3.06–4.35 nm. The TEM
image of CuS3 showed small spherically shaped nanoparticles with
some aggregation. The crystallite sizes of the nanoparticles are in
the range 3.02–4.32 nm.The scanning electron microscopy (SEM) of the CuS nanoparti-
cles and their elemental composition as confirmed by energy dis-
persive X-ray spectroscopy (EDS) are shown in Fig. 5. It can be
seen that the surface of the particles appears smooth with small
microsphere on the surface. As expected the microsphere on the
surface is much bigger than that of crystallite size measured by
TEM analysis. This may be due to the agglomeration of crystallites
in the course of preparing the sample for SEM analyses. The EDS
patterns show copper and sulfur confirming the formation of CuS
nanoparticles. Other peaks that seem to be common in all XRD
Fig. 7. AFM of CuS2 nanoparticles and 3D topographical images.
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for dispersing the precursor and the HDA that was used as a cap-
ping agent.
Atomic force microscopy (AFM) was used to investigate the sur-
face morphology and surface roughness [64,65]. AFM techniques
provide microscopic information and topographies about the sur-
face relief of the nanocrystals [65,66]. Thus, digital images for
quantitative measurements of surface features such as three-dimensional simulation, average roughness (Ra) and root mean
square roughness (Rq) could be obtained from the AFM [64–67].
The topographical view of the nanoparticles (Figs. 6–8) revealed
that CuS1 and CuS3 nanoparticles were rich in dents and irregular
surfaces than CuS2. The room mean square roughness (Rq) and the
average roughness (Ra) were found to be 5.77 and 2.76 nm for
CuS1; 24.8 and 18.9 nm for CuS2; and 12.6 and 9.00 nm for CuS3
respectively.
Fig. 8. AFM of CuS3 nanoparticles and 3D topographical images.
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Copper(II) complexes of dithiocarbamate were used as single
source precursors to synthesize HDA capped CuS nanoparticles.
The optical studies showed that the absorption spectra of the as-
prepared nanoparticles are blue shifted and the emission maxima
shows narrower size distribution which indicates a size quantum
effects. The XRD diffraction patterns were indexed to the hexago-
nal CuS nanocrystals with estimated particle sizes of 17.3–
18.6 nm. TEM images showed nanoparticles that are almost spher-ical in shape and fairly monodispersed with average crystallite
sizes of 3–9.8 nm.Acknowledgements
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